The reconstruction of bone defects based on cell-seeded constructs requires a functional microvasculature that meets the metabolic demands of the engineered tissue. Therefore, strategies that augment neovascularization need to be identified. We propose an in vitro strategy consisting of the simultaneous culture of osteoblasts and endothelial cells on a starch-based scaffold for the formation of pre-vascular structures, with the final aim of accelerating the establishment of a vascular bed in the implanted construct. Human dermal microvascular endothelial cells (HDMECs) were co-cultured with human osteoblasts (hOBs) on a 3D starch-based scaffold and after 21 days of culture HDMEC aligned and organized into microcapillary-like structures. These vascular-like structures evolved from a cord-like configuration to a more complex branched morphology, had a lumen and stained in the perivascular region for type IV collagen. Genetic profiling of 84 osteogenesis-related genes was performed on coculture vs. monoculture. Osteoblasts in co-culture showed a significant up-regulation of type I collagen and immunohistochemistry revealed that the scaffold was filled with a dense matrix stained for type I collagen. In direct contact with HDMEC hOBs secreted higher amounts of VEGF in relation to monoculture and the highest peak in the release profile correlated with the formation of microcapillary-like structures. The heterotypic communication between the two cell types was also assured by direct cellcell contact as shown by the expression of the gap junction connexin 43. In summary, by making use of heterotypic cellular crosstalk this co-culture system is a strategy to form vascular-like structures in vitro on a 3D scaffold.
Introduction
The reconstruction of large skeletal defects, such as those resulting from resection of bone tumors or trauma, is still a major orthopedic challenge. Tissue engineering strategies often fail to regenerate these defects due to inadequate vascularization [1] . A functional microvasculature supplying the construct would guarantee the metabolic demand of the seeded cells, of the newly formed tissue, and could participate in other as yet unknown aspects of cellular crosstalk in orchestrating bone formation. Due to their unique role in angiogenesis, endothelial cells (ECs) have attracted most attention in strategies that seek to achieve bone vascularization. However, there is clear evidence that on their own these cells cannot do more than form incipient vascular structures that resemble early capillaries but which are not stable in the longterm [2, 3] . Therefore, ECs co-cultured with the cell type characteristic of the tissue to be regenerated has been a proposed strategy. Hence, since bone is a tissue formed by several cell types, cocultures of heterogeneous cells recreates more closely the in vivo microenvironment than monotypic cell cultures. Several studies have shown that there is a reciprocal regulation and functional relationship between ECs and osteoblasts during osteogenesis [4] . Numerous regulatory molecules (e.g. endothelins, prostaglandins) which exert major effects in controlling the differentiation and activity of bone-forming cells are secreted by ECs [5] . On the other hand, osteoblasts influence EC activity through the release of diverse angiogenic growth factors, such as VEGF and bFGF [6] . Furthermore, cell-cell interaction mediated by proteins at gap junctions is another communication strategy used between these two cell types [7] .
Previously, our group [8] showed that co-culturing ECs derived from the microvasculature (human dermal microvascular endothelial cells, HDMECs) with primary human osteoblasts (hOBs) resulted in the formation of microcapillary-like structures similar to those observed in vivo. Surprisingly, these two cell populations were able to ''self-assemble'' from a cell suspension mixture seeded on the three-dimensional biomaterials investigated. Other models of coculture for bone tissue engineering have been also proposed [9] [10] [11] [12] , nevertheless most of the co-culture systems proposed to date are mainly models to study heterotypic interactions and only few include the use of 3D biomaterial scaffolds [8, 10] . Hence, the goal of this study was to use a human co-culture system directly on established 3D scaffolds to investigate more closely the crosstalk between osteoblasts and vascular cells in forming microvessels within the three-dimensionality of an innovative biomaterial. HDMECs:hOBs were co-cultured on fiber-mesh scaffolds made from a blend of starch with polycaprolactone (SPCL), a 3D support previously proposed and extensively studied for bone tissue engineering [13] [14] [15] [16] [17] [18] [19] [20] . The co-culture system on polycaprolactone-starch scaffolds was evaluated as a strategy to unravel the mechanisms of formation of vascular-like structures in the context of biomaterials for bone regeneration. Hence, in the scope of this work specific questions related to cellular interactions were addressed: (i) the 3D cellular distribution and the dynamics of the two cell populations in the scaffolding material; (ii) gene expression profiling and (iii) heterotypic communication in co-culture. In addition, we do not rule out the possibility of a pre-seeding co-culture strategy, followed by implantation, but this was not the prime aim of our study, as the problem of rapidly connecting an in vitro formed microcirculatory network to the functional microcirculation in vivo has not yet been satisfactorily solved.
Materials and methods

Scaffolds
A blend of corn starch with poly(3-caprolactone) (SPCL, 30/70 wt%) was used to produce fiber-mesh scaffolds. SPCL fibers were produced by melt-spinning (mean fiber diameter of 213 AE 50 mm), subsequently cut into 10 mm segments, subjected to thermal treatment and compressed and bonded into a porous mesh. Standardized scaffolds had a circular die (0.6 cm in diameter) and exhibited a porosity of 67.9 AE 1.6%, as determined by micro-computed tomography. All samples were sterilized by ethylene oxide. More details about these scaffolds and their properties are published elsewhere [15, 16, 20] .
Cells and culture conditions
HDMECs were derived from juvenile foreskin and hOBs were isolated from human femoral head explants. The use of this biological material for research purposes was authorized by the responsible ethical committee and was based on informed consent. HDMECs were obtained by enzymatic digestion [21] , and were cultured in supplemented Endothelial Basal Medium MV (PromoCell) whose composition is detailed in Ref. [13] . hOBs were obtained by sequential enzymatic digestion of bone chips [22] and cultured in supplemented DMEM medium with 1000 mg/L D-glucose [8] .
HDMECs:hOBs co-culture on SPCL fiber-mesh scaffolds
HDMECs and hOBs were mixed in a proportion of 4:1 and cultured in HDMEC medium. Before cell seeding SPCL fiber-mesh scaffolds were pre-coated with fibronectin (10 mg/mL PBS) for 1 h at 37 C. Subsequently, 1.5 Â 10 5 cells of the mixed cell suspension were added to each scaffold and cultured for up to 35 days. Scaffolds were also cultured with HDMECs (1.30 Â 10 5 cells/scaffold) or hOBs (2 Â 10 4 cells/ scaffold) alone to be used as monoculture controls.
Immunostaining of PECAM-1 (CD31) and Cx43
Samples were stained for PECAM-1 (CD31, endothelial-specific) and for nuclei (identifying both hOBs and ECs). Every 7 days of culture a co-culture sample and one sample from each monoculture control (HDMECs and hOBs) were fixed in a solution of 2% paraformaldehyde. Fixed and permeabilized samples (0.1% Triton) were incubated with the primary antibody mouse anti-human PECAM-1 (1:50, Dako) and then with the secondary antibody anti-mouse Alexa Fluor 488 (Invitrogen). For Cx43 a double staining was performed and the samples were incubated with PECAM-1 antibody and with rabbit anti-human Cx43 (1:50, Cell Signalling), followed by the incubation with goat anti-mouse Alexa Fluor 594 (for PECAM-1, red fluorescence) and anti-rabbit Alexa Fluor 488 (for Cx43, green fluorescence). The nuclei were counterstained with Hoechst, the samples mounted with Gel/Mount and visualized by CLSM (Leica TCSN NT).
Real-time PCR
After 21 days of culture, total RNA was extracted from co-cultures and monocultures on SPCL fiber-mesh scaffolds using the RNeasy Micro Kit (Qiagen). Total RNA (0.5 mg) was reverse transcribed using Omniscript RT Kit (Qiagen). Equal amounts of cDNA (1.25 ng) plus master mix RT 2 SYBR Green/ROX qPCR (12.5 mL) were added in a final volume of 25 mL to each well of the human osteogenesis RT 2 Profiler PCR array for quantitative polymerase chain reaction (PCR) (Superarray). The human osteogenesis RT 2 Profiler PCR array profiles the expression of 84 genes related to osteogenesis besides housekeeping and control genes. Gene amplification was performed using Applied Biosystems 7300 Real-Time PCR System. The number of cycles and annealing temperature were selected according to the manufacturer's instructions. For these experiments three different donors for both OBs and ECs were used. In each sample the mRNA level expression of each gene was normalized to the average expression of the housekeeping genes GAPDH and RPL13A. Gene fold change was calculated in comparison with HDMEC or hOBs as control samples. For each individual gene, fold differences in co-culture/monoculture were plotted in log 2 scale against the associated statistic probability (p value in log 10 scale). Two tailed Student's t-test was employed to detect significant differences in gene expression between co-culture and monoculture (OBs and ECs) experiments. Differences were considered statistically significant for p < 0.05. To verify the Superarray data obtained for Col I gene real-time PCR was performed with primers synthesized commercially: (forward) 5 0 -CTGGCCTCGGAG-GAAACTTT-3 0 and (reverse) 5 0 -CCTCCGGTTGATTTCTCATCA-3 0 . RNA was isolated from four different HDMEC and hOB donors (three donors were the same as used for array analysis) and reverse transcribed into cDNA as previously described. Real-time PCR was performed with 2.5 ng cDNA and 12.5 mL of 2Â master mix, primers (0.25 mL forward and 0.25 mL reverse primer) in a final volume of 25 mL. Gene expression was normalized to the expression of the housekeeping gene GAPDH and gene fold change was calculated as previously explained.
Immunohistochemical analysis
HDMEC-hOB co-cultures on the biomaterial scaffold were prepared for immunohistochemistry as previously described [8] . Briefly, deparaffinized transversal cross-sections (5 mm thick) were first incubated with mouse anti-human PECAM-1, rabbit anti-human Col I (1:100, Biodesign International) or mouse anti-human Col IV(1:50, Dako), and then incubated with the biotin-labeled secondary antibody horse anti-mouse or goat anti-rabbit. Detection of bound antibody was carried out by alkaline phosphatase staining and counterstained with Mayer's haematoxylin.
Vascular endothelial growth factor (VEGF) quantification
The supernatant of co-culture and monocultures on SPCL fiber-mesh scaffolds was collected and stored at À80 C every 7 days. For each time point, three samples were taken and vascular endothelial growth factor (VEGF) was quantified by Enzyme-Linked Immunosorbent Assay (ELISA) using the human VEGF DuoSet (R&D Systems) according to the manufacturer's protocol. The culture medium was used as blank.
Results and discussion
In the co-culture system under evaluation, which started from a mixed cell suspension of hOBs and EC seeded onto the biomaterial, the distribution of the two cell types in the scaffold reflected a heterotypic interaction, which was variable with time and involved a cellular self-assembly phenomenon especially prominent in the case of the HDMEC. While early time points (7 days) where characterized by cellular segregation of HDMECs appearing as monolayer patches above the osteoblasts (Fig. 1A) , by 21 days of culture HDMECs had aligned and organized into microcapillary-like structures (Fig. 1B) . In these structures, cells established contact through the cell-cell adhesion molecule PECAM-1, a homotypic contact known to be crucial for vessel formation and maintenance [23] . These vascular-like structures were established among osteoblasts, which deposited a dense matrix in such a manner that the microvessel-like cords were interwoven through the individual fibers of the scaffold. At day 35, microcapillary-like structures exhibited several branching points, denoting a higher level of complexity (Fig. 1C-D) . In monocultures, HDMEC cultured alone grew as a monolayer and no vascular-like structures were observed, while hOBs' monoculture grew extensively over the 35 days of culture, colonizing the entire scaffold surface and depositing matrix (Fig. 1E-F) .
Immunohistochemistry performed on thin sections of SPCL fiber-mesh scaffolds after 35 days of co-culture unveiled other important aspects of these vascular-like structures, such as lumen formation, type IV collagen (Col IV) deposition and a dense surrounding type I collagen (Col I) matrix. Cross-sections in both the outer and inner parts of the scaffold revealed a dense network matrix which stained for Col I and occupied all the void spaces between fibers (Fig. 2A) . A more intense Col I-staining was detected in the immediate surroundings of the microcapillary-like structures, which demonstrated a definitive lumen containing degenerating cells (Fig. 2B ). Sections were also stained for markers of the endothelial phenotype such as PECAM-1 and Col IV. Cells stained positively for the endothelial marker PECAM-1 were organized in microcapillary-like structures forming a lumen (Fig. 2C, D) . Lumen formation results from a complex molecular mechanism involving the up-regulation of over 1000 genes [24, 25] . Furthermore, the areas corresponding to microcapillary-like structures were stained for Col IV, one of the hallmarks of the endothelial basement membrane (Fig. 2E, F) . The overall morphological impression given in Fig. 2 is that of a tissue-like self-assembly of the EC in a matrix in which the osteoblasts are embedded, reminiscent of a histological micrograph (Fig. 2C) . Col IV provides the major structural support to basement membrane underlying ECs in blood vessels [26] . The formation of a structure with a lumen and the expression of the major constituent of the endothelial basement membrane assure the vascular nature of the established structures. However, microvessel stability requires crosstalk between EC and mural cells, such as pericytes [27] . Detailed studies in long-term culture are necessary to determine to what extent osteoblasts via a process of phenotypic change could adopt a pericyte and thus vessel stabilizing function. This is currently part of our further research activity. The genetic profile of HDMEC:hOB co-culture compared to monocultures was also examined. Genetic profiling of co-cultures has also been explored by other authors [28, 29] . Nevertheless, besides analyzing a limited number of the genes, the co-culture systems were different in many aspects (for example, ECs derived from macro-/microvasculature, 2D/3D cultures) and it is thus very difficult to compare such systems in a meaningful way, as multiple parameters vary. Thus, in scope of this work it was used the human osteogenesis PCR array to monitor the mRNA level of 84 osteogenesis-related genes in HDMEC:hOB co-culture, HDMEC and hOB monoculture, all cultured on SPCL fiber-mesh scaffolds. The assessment was performed after 21 days of culture, the time point when the first microcapillary-like structures were observed. Fig. 3 summarizes in the form of a Volcano plot the expression of each individual gene in co-culture vs. HDMEC monoculture (Fig. 3A) and co-culture vs. hOB monoculture (Fig. 3B) , against the respective statistical significance (p value). Gene up-regulation was considered for a fold increase above 4 and considered statistically significant for p < 0.05. In the case of co-culture vs. HDMEC monoculture, 5 down-regulated and 21 up-regulated genes were identified (Fig. 3A) . Table 1 summarizes these genes grouped according to the biological processes they are involved in. The down-regulated genes are related with extracellular matrix (ECM) and cell adhesion (MMP10, ITGA2), as well as with cell growth/ differentiation (SMAD1, BMP6, FLT1). In regard to up-regulated genes, there was a higher prevalence of genes that encode molecules related with ECM dynamics such as: structure (ex. Col IA1), cell adhesion (FN1), degradation (ex. CTSK) and mineralization (ALPL). Furthermore, many other genes were related with skeletal development such as growth factors (e.g. IGF2, TGFBR1) and transcription factors (RUNX2, TWIST1). Genes such as Col IA1 and IGF2, whose expression in co-culture increased 924-and 240-fold (respectively), had a very high threshold cycle (CT) value in the amplification plot of HDMEC monoculture, near to real-time PCR detection limit. Thus, this indicates these genes are almost not expressed in HDMEC. The observation of a very high up-regulation of insulin growth factor 2 (IGF2) in the co-cultures is also worthy of deeper investigation, as this growth factor is highly relevant for both osteoblast differentiated function and the process of angiogenesis [30, 31] . Despite the up-regulation of the mRNA that encodes IGF2, the quantification of IGF2 at the protein level by ELISA in the supernatant of co-culture and monocultures gave no detectable levels. Whether the IGF2 mRNA is not being translated at all or whether the translated protein is unstable are questions that remain to be elucidated. Nevertheless, this dual function in both osteoblast proliferation and differentiation as well as angiogenesis makes IGF2 a potentially useful growth factor for bone tissue engineering and regeneration and thus this subject will be further studied. In the case of co-culture vs. hOB monoculture only Col I from the 84 genes under analysis had a significant up-regulation of 6.4-fold (Fig. 3B) . The remaining genes showed no significant difference between hOBs cultured alone or co-cultured with HDMEC. To validate this result the expression of Col I was assessed by real-time RT-PCR. For 4 different donors, Col I was significantly 6.8 AE 2.6-fold up-regulated for hOBs co-cultured with HDMEC on SPCL fiber-mesh scaffolds, thus validating the microarray results. As previously described immunohistochemical studies revealed that spaces formed between the fibers of the micromesh scaffold were filled with a tissue-like dense network of Col I, and this was consistent with the results of the microarray analysis. Thus, the coculture of HDMECs with hOBs on SPCL fiber-mesh scaffold triggered Col I mRNA and protein synthesis. Col I is a marker for bone formation and accomplishes different functions from mediating cell adhesion to contributing to the mature osteoblast phenotype as well as providing a template for mineralization [32] [33] [34] . ECMassociated genes such as Col I are generally expressed during the proliferative period, whereas in heavily mineralized mature cultures (after 35 days) Col mRNA level is present at low levels [35] . Hence, since after 21 days of co-culture high levels of mRNA Col I are still observed, most probably hOBs are still in the proliferative phase. Moreover, mRNA coding for markers characteristic of other phases of bone cell differentiation such as osteonectin in ECM maturation and osteocalcin in mineralization [36] are not being produced in our co-culture system by hOBs at significant levels, otherwise their expression would be up-regulated on co-cultivation with ECs.
Col I is also known to drive EC migration by chemotaxis and haptotaxis [37] . The deposition of a very extensive network of Col I by hOBs in the scaffold provides an essential 3D support for ECs to migrate and organize into microcapillary-like structures. We believe that Col I is a key factor for successful neovascularization in this co-culture system insofar as it provides ECs with the chemical and physical cues for migration and proliferation.
Another major issue in co-culture is the heterotypic intercellular crosstalk. Independent of the co-culture system used, it appears that communication between ECs and osteoblast cells occurs via diffusible factors as well as direct cell-cell contact [8, 9, 28] . For indirect cell communication, VEGF was the soluble factor examined in this study since it is a powerful pro-angiogenic factor with well established actions on ECs and with a proposed direct effect on osteoblast functions [38, 39] . The concentration profile of VEGF produced in co-culture during the 35 days in vitro was characterized by three distinct phases: (i) from day 7 to 14 a steep increase in VEGF concentration; (ii) between day 14 and day 28 a plateau phase and (iii) from day 28 until day 35 a pronounced decrease of VEGF concentration (Fig. 4A) . On the other hand, in hOB monoculture, the VEGF concentration curve exhibited a steady increase (but at lower magnitude as compared to co-culture) until day 28 followed by a decrease. The VEGF concentration in co-culture supernatant was 4-to 2 times higher than in hOB monoculture (p < 0.05), while for HDMEC monoculture no VEGF was detected. These results indicate that hOBs in co-culture are stimulated to secrete higher amounts of VEGF. The results obtained for co-culture on SPCL fiber-mesh scaffolds were consistent with other reports, as osteoblasts were the predominant source of VEGF [40] and osteoblasts in co-culture released higher amounts of VEGF [8] . Furthermore, the release profile of VEGF with culture time revealed that the highest concentration peak of VEGF in co-culture coincided with the first observations of microcapillary-like structures. Recent studies [40] shed some light on the mechanisms responsible for controlling VEGF-dependent OB:EC crosstalk. These studies suggest a paracrine mechanism in which VEGF-stimulated ECs release prostaglandins that strongly promote the VEGF release in osteoblasts. For direct cell-cell contact the gap junction connexin 43 (Cx43) was assessed in this co-culture system, due to its relevance for bone formation. In Fig. 4B and C, Cx43 is depicted as a punctuated bright green staining all over the co-culture section. Due to the co-staining of microcapillary-like structures (PECAM-1 staining, red fluorescence) and Cx43 it is possible to observe the expression of this gap junction protein at HDMEC-hOB interfaces (arrows) and in the areas where osteoblasts were depicted alone (only nuclear staining, blue fluorescence). Moreover, the osteoblasts also maintain a high expression of Cx43 in interaction with the scaffold material. Previous work [8] has proven that direct cell-cell contact is necessary for the formation of microcapillary-like structures by HDMECs and that these structures are not seen in cultures with conditioned medium or co-cultures with indirect contact, that is, separated by a porous synthetic membrane. Moreover, direct cellcell contact is a critical aspect of co-culture as the production of growth factors or gene expression is dependent on such contact [9, 29] . Cx43 expression was also observed between hOBs. This is not surprising since it is well described in the literature that Cx43 is the major gap junction present in osteoblasts and it is known to modulate the expression of genes pivotal to bone matrix formation and calcification, such as bone sialoprotein and osteocalcin [41, 42] . It is evident that further studies are necessary to investigate the time-related course of VEGF receptor expression in the EC, as well as much more detailed investigation of connexin expression in osteoblast-endothelial interactions need to be made.
Conclusions
The co-cultivation of HDMEC with hOBs on SPCL fiber-mesh scaffolds proved to be an effective strategy for the in vitro formation of microcapillary-like structures containing a lumen. Furthermore, the expression of Col IV and the evolution from cord-like configuration to a branched morphology confirmed the vascular nature and the complexity of the established microcapillary-like structures. Regarding the underlying mechanisms, the up-regulation of mRNA Col I in co-culture and the deposition of a dense ECM led us to postulate that, by providing chemical and physical cues for migrating ECs, Col I is a key molecule and modulator in this system. Moreover, the VEGF produced by co-cultured hOBs and the expression of the gap junction Cx43 between the two cell types indicated that heterotypic communication, a crucial aspect for coculture orchestration, was assured. Therefore, this strategy is defined as self-sustainable insofar as on SPCL fiber-mesh scaffolds HDMECs and hOBs recreate the physical and chemical microenvironment favorable for the formation of vascular-like structures, thus obviating the need for an exogenous supply of pro-angiogenic stimuli.
